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Circular Hall Effect in a wire
M. V. Cheremisin
A.F.Ioffe Physical-Technical Institute, St.Petersburg, Russia
(Dated: February 12, 2019)
The applied voltage along a wire leads to a constant current density and, in turn, the azimuthal
magnetic field. The absence of the radial current in a sample bulk requires nonzero radial(Hall)
electric field to be present. We show that the longitudinal current itself is exactly that provided
by the carriers drift in crossed azimuthal magnetic and Hall electric field. Nonzero carrier viscosity
leads to nonuniform current flow dependent on the boundary condition at the inner wire wall. We
find the general boundary condition accounting diamagnetic currents. At low temperatures the
enhanced carrier viscosity leads to both the current and azimuthal magnetic field are pushed out
the wire bulk towards the inner boundary. Simultaneously, the sample resistance strongly vanishes
exhibiting a temperature driven threshold transition. Within low-current limit we calculate the
threshold temperature for arbitrary carrier scattering and the sample size. For bulky sample and
finite applied current our theory provides the universal phase transition diagram in terms of magnetic
field vs temperature.
PACS numbers:
I. INTRODUCTION
Usually, the Hall measurements[1] imply the presence
of external magnetic field source. Evidence shows that
the current itself produces a finite magnetic field which
may, in turn, influence the current carrying state. In
the present paper, we take the interest in a special case
when the only current-induced magnetic field is present.
Therefore, we discover a Circle Hall Effect in a round
cross section conductor. Moreover, the account of finite
carrier viscosity and diamagnetic currents at the inner
boundary of the wire provides a certain feasibility of a
zero resistance state at low temperatures.
II. CIRCULAR HALL EFFECT: UNIFORM
CURRENT FLOW
The conventional Drude equation for 3D electrons
placed in arbitrary electric E and magneticB fields yields
∂v
∂t
=
eE
m
+ [v ×Ωc]− v
τ
, (1)
where e is absolute value of the electric charge, Ωc =
eB
mc
is the cyclotron frequency vector, m is the effective mass,
τ is the momentum relaxation time due to collisions with
impurities and(or) phonons.
For steady state one obtains the following equation
v = µE+ [v ×Ωcτ ] , (2)
where µ = eτm is the carrier mobility. For arbitrary ori-
entation of the electric and the magnetic fields the exact
solution of Eq.(2) is straightforward [2].
Let us restrict ourself to wire of radius R0 and, hence
use the advantage of cylindrical geometry framework.
The voltage source(not shown in Fig.1) attached to free
wire ends provides the longitudinal electric field Ez re-
sulting in a uniform carrier velocity vz. The quasi-
neutrality principle implies the constant 3D density n
of the carriers. Following to Biot-Savart law the lon-
gitudinal current density jz = nevz leads to azimuthal
magnetic field Bϕ =
2pijz
c R, where R is the radial coordi-
nate. The azimuthal magnetic field reaches the maximal
value B0 = Bϕ(R0) at the rod surface. The radial cur-
rent is absent throughout the sample bulk. Hence, there
exists a nonzero radial electric field ER which prevents
the Lorentz force ∼ vzBϕ/c action. Evidently, the radial
electric field plays the role of the Hall electric field in
conventional description.
Following the above reasoning we re-write Eq.(2) for
both the longitudinal vz and radial vr = 0 components
of the carrier velocity as it follows:
vz = µEz, (3)
vz = c
ER
Bϕ
. (4)
Evidently, Eq.(3) provides a familiar differential Ohm’s
law. By contrast, Eq.(4) presents a novel view on the
longitudinal current being a drift of carriers in crossed
ER ⊥ Bϕ fields, i.e. defines the Circular Hall Effect
in a rod conductor. We argue that the radial electric
field ER = 2pine
(
vz
c
)2
R defines volumetric charge den-
sity Q = divE/4pi = ne
(
vz
c
)2
. Thus, the wire is a bit
charged since Q/ne≪ 1.
III. CIRCULAR HALL EFFECT:
NONUNIFORM VISCOSE FLOW
We now intent to answer the question whether the
current carrying state in a wire can be nonuniform in
radial direction, namely vz(R). The Navier-Stokes equa-
tion modified with respect to presence of the magnetic
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FIG. 1: Schematic view of the Circular Hall effect.
field yields
∂v
∂t
+ (v∇)v = eE
m
+ [v ×Ωc] + ηˆ△v − v
τ
. (5)
Here, ηˆ is the viscosity tensor[3] whose longitudinal and
transverse components
ηxx = ηyy =
η
1 + 4Ω2cτ
2
ee
, (6)
ηxy = −ηyx = ηxxΩcτee
depend on magnetic field. Then, η = 15v
2
F τee is the kine-
matic viscosity of the carriers at zero magnetic field, vF
is the Fermi velocity, τee is the electron-electron collisions
time. Viscosity effects become important[4] when the e-e
mean free path lee = vF τee is less and(or) comparable
to that caused by phonons and(or) impurities l = vF τ
and typical length scale of the sample. One may easily
demonstrate that for radial dependent velocity assump-
tion the Euler term can be neglected in Eq.(5).
For steady state Eq.(5) can be re-written for both the
longitudinal and radial velocity as it follows
ηxxτ△Rvz − vz + µEz = 0, (7)
ηyx△Rvz + eER
m
− vzeBϕ
mc
= 0. (8)
Here, △R = 1R ddR
(
R ddR
)
is the radial component of the
Laplace operator. Our primary interest concerns Eq.(7)
which determines the nonuniform velocity profile vz(R)
and, in turn, the azimuthal magnetic field
Bϕ =
4pine
cR
R∫
0
vz(R)RdR. (9)
Introducing the dimensionless velocity v = vz(R)/µEz
and the reduced radius r = R/R0, one may rewrite Eq.(7)
as it follows
ηxx
η
ν−2△rv − v + 1 = 0. (10)
where ν = R0/λ is the dimensionless parameter, λ =√
ητ is the typical length scale of the problem. The con-
dition ν ≪ 1( ν ≫ 1 ) determines the high(low)-viscous
electron gas respectively.
We argue the solution of Eq.(10) is complicated due
to magnetic field dependent longitudinal viscosity. In
principle, Eq.(10) can be expressed in terms of the re-
duced magnetic field B(r) = Bϕ/B0 via relationship
v = 12r
d
dr (rB) but still remains difficult for analyti-
cal processing. Fortunately, at small current and(or)
small magnetic field Ωcτee ≪ 1 the longitudinal viscos-
ity can be kept constant ηxx ∼ η, thus Eq.(10) becomes
amenable for analytic analysis. Moreover, the transverse
viscosity can be disregarded in Eq.(8) which, in turn,
gives familiar result for current carrying state being the
carriers drift in crossed ER ⊥ Bϕ fields.
Under the above assumptions the solution of Eq.(7) is
straightforward:
v(r) = 1 + C1J0(νr) + C2Y0(νr), (11)
where J0 and Y0 are zero-order Bessel functions of the
first and second kind respectively. Since the carrier ve-
locity remains finite throughout the sample bulk, we con-
clude that C2 = 0, because Y0 →∞ at r → 0. With the
help of general condition v|R=R0 = v0 for longitudinal
velocity at the inner wire surface Eq.(11) yields
v(r) = 1 + (v0 − 1)J0 (νr)
J0(ν)
, (12)
Note that the trivial case of the uniform current flow ex-
amined in Sec.II follows from Eq.(12) when v0 = 1. We
now demonstrate that the boundary condition at the in-
ner wire surface alters crucially the radial velocity profile
and, moreover, the sample resistivity.
A. Poiseuille viscose flow
We recall that the simple wall adhesion condition
v0 = 0 [4] could be familiar regarding the Poiseuille’s
viscous flow in conventional hydrodynamics. In Fig.2
the blue curves depict the radial dependence of the flux
velocity v(r) specified by Eq.(12) for different viscosity
strengths. As expected, for small viscosity ν ≫ 1 the 3D
fluid velocity is mostly uniform throughout the sample
cross section, except the ultra-narrow layer ∼ λ closed
to the inner rod surface. In contrast, for high viscous
liquid ν ≤ 1 the flux velocity follows the Poiseuille law
v(r) = ν
2
4 (1− r2) shown by the dashed line in Fig.2.
B. Diamagnetic viscose flow
The special interest of the present paper concerns the
possibility of unusual boundary condition v0 > 1 whose
physical background we illustrate hereafter. At first, re-
call a scenario of a current carrying wire surrounded by
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FIG. 2: The microscopic magnetic currents for a) current
carrying conductors placed into paramagnetic χ > 0 media (
from Ref.[5]) b) The sole current carrying diamagnetic χ < 0
conductor.
paramagnetic media(see the left-hand sketch in Fig.2,a).
Let the longitudinal current I is provided by an external
source. The current carrying wire induces the azimuthal
magnetic field Bϕ =
2I
cR in the surrounding spaceR > R0.
Notably, the magnetic field at the outer wire surface
B0 = Bϕ(R0) results in nonzero microscopic magnetic
current IM = 4piχI[5, 6] because of the paramagnetic
surrounding. Here, χ > 0 is the paramagnetic suscep-
tibility. The total current flowing along the wire yields
I + IM . Let the another current carrying conductor( see
Fig. 2,a ) is placed nearby the first one. Obviously, the
total current along the second wire (1 + 4piχ)I1 includes
the microscopic component(not shown in Fig. 2,a) as
well. It is well known that the Ampere’s attractive force
∼ (1 + 4piχ)I · I1 between a pair of wires with parallel
currents is enhanced by a factor of 1 + 4piχ[5] compared
to that for vacuum case. Actually, the present scenario
accounts unambiguously the boundary condition at the
outer wire surface.
We now provide a strong evidence of similar effect
for current carrying diamagnetic wire χ < 0, shown in
Fig.2,b. Indeed, for certain value of the applied current
I the azimuthal magnetic field at the inner rod surface
B0 results in extra diamagnetic current IM which again
is parallel to native current, namely IM = 4pi|χ|I. Let
the diamagnetic current flows within narrow layer of the
width δ. The respective density of diamagnetic current
jM =
IM
2piR0δ
may exceed the ohmic current density jz.
One can deduce the dimensionless flux velocity v0 at the
inner rod surface as
v0 =
jM
jz
=
j
jz
κ (13)
where j = I
piR2
0
is the average current density, κ = 2piR0|χ|δ
is the size-dependent dimensionless parameter associated
with sample diamagnetic properties. At zero diamagnetic
current κ = 0 we recover the conventional Poiseille’s flow
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FIG. 3: Flux velocity distribution v(r) specified by Eq.(12)
at fixed applied longitudinal electric field and viscosity pa-
rameter ν = 5; 50 for : wall adhesion boundary condi-
tion v0 = 0(blue); diamagnetic current boundary condition
v0 = 4(red). The Poiseuille flow for v0 = 0; ν = 1 is shown
by the dashed line. Dotted line represents the uniform flow
v = v0 = 1. Inset: Graphical solution of transcendental
Eq.(17). Dotted(dashed) line corresponds to low(high) vis-
cous asymptote of the function d(ν).
adhesion condition. We now are interested in a strong
diamagnetism case when κ ≥ 1. In Fig.3 we plot the ra-
dial distribution of longitudinal velocity at fixed bound-
ary condition v0 = 4 and different viscosity strength. As
expected, the diamagnetic current within narrow layer δ
initiates a broad λ≫ δ velocity profile in the vicinity of
the wall. The flux velocity approaches a Drude’s value
in a sample bulk.
Using Eq.(12) let us find the average current density
j = 2ne
R2
0
R0∫
0
vz(R)RdR:
j = jz [1 + (v0 − 1)d(ν)] (14)
where jz = neµEz is the Drude current density. Then,
d(ν) = 2J1(ν)νJ0(ν) is the universal function(see Fig.3,inset)
of the viscosity strength. The function 0 < d(ν) ≤ 1
decreases smoothly as ∼ 1 − ν2/8 for high-viscous case
ν ≪ 1 and, then follows the asymptote ∼ 2/ν for low
viscosities ν ≫ 1.
Using Eq.(13) the self-consistent solution of Eq.(14)
yields
j = jz
1− d
1− κd. (15)
Eq.(15) defines, in fact, the average current density at
fixed longitudinal electric field Ez . Consequently, one
can find the effective resistivity ρ = Ez/j of the sample
as it follows
ρ = ρD
1− κd
1− d , (16)
where ρD =
m
ne2τ is the conventional Drude resistivity.
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FIG. 4: Dimensionless resistivity ρ/ρη followed from Eq.(16)
vs dimensionless disorder strength ν2 =
R2
0
ητ
for: zero dia-
magnetic current κ = 0; uniform current state κ = 1; strong
diamagnetism κ > 1. Dashed line represents the viscous re-
sistivity ρ = 8ρη at κ = 0 and 1/τ → 0.
Eq.(16) represents the central result of the paper.
The resistivity of a rod sample depends crucially on the
boundary condition at the inner wall of the sample. At
first, for κ = 1 one recover the uniform current flow case
with viscous effects disregarded, therefore ρ = ρD. Sec-
ondly, the wall adhesion condition κ = 0 provides the
effective resistivity as ρ = ρD/(1−d) already reported in
Ref.[4]. For low-viscose case ν ≫ 1 the effective resistiv-
ity is described by Drude formulae ρ ∼ ρD. However, in
the opposite high-viscosity and(or) low dissipation limit
ν ≪ 1 the Poiseille type of a current flow may be realized.
For this case one obtains ρ = 8ρη, where ρη =
m
ne2
η
R2
0
is
so-called ”viscous” resistivity which depends on the sam-
ple size. Actually, the ratio R20/η plays the role of the
momentum relaxation time similar to that discussed[7, 8]
for 2D electron gas. In Fig.4 we plot the reduced resis-
tivity ρ/ρη vs disorder strength ν
2 ∼ 1/τ for different
viscosity values κ. The transition from Drude to ”vis-
cous” resistivity occurs at ν ∼ 1 being a point of interest
for real systems.
The most intriguing feature of Eq.(16) concerns the
possible vanishing of the effective resistivity at
κd = 1 (17)
which can be viewed as a certain critical condition for
zero-resistance state(ZRS)[9]. Fig.4 demonstrates an ex-
ample of a zero-resistance state. The latter exists when
ν < νcr, where νcr is a critical value which depends on
diamagnetic parameter κ. The high disorder and(or) low
viscous case η ≫ 1 is described by conventional Drude
dependence ρ ∼ 1/τ . Finally, we emphasize that our
model implies a finite momentum relaxation time. Nev-
ertheless, a zero resistance state may appear. Noticeably,
the disorder is confirmed[10] to remain finite within zero-
resistance state.
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FIG. 5: a) The critical diagram zcr(κ) of zero-resistance state
followed from Eq.(18). The asymptotes for small κ − 1 ≪ 1
and bulky sample κ ≫ 1 are shown by dashed and dotted
line respectively. The area below the critical curve zcr(κ)
corresponds to zero-resistance state. b) The dependence z(Θ)
specified by Eq.(24). c) The resulting zero resistance state
threshold temperature Θ(κ) given by Eq.(25) for fixed zm =
0.7.
C. Size-dependent transition to zero-resistance
state
We now examine in greater details the critical condi-
tion given by Eq.(17). Recall that for arbitrary argument
the function d(ν) has a unit as an upper limit. Thus, the
solution of Eq.(17) is possible when κ > 1 which, in turn
yields a condition R0 > Rm for minimal sample radius
Rm =
δ
2pi|χ| . We further demonstrate that in real sys-
tems the criteria is somewhat stronger than that specified
above.
Once the condition κ > 1 is satisfied, the Eq.(17) is
amenable for numerical solving. The graphical solution
of Eq.(17) is shown in Fig.3,inset. The resulting crit-
ical diagram νcr(κ) is, however, non-informative since
both variables κ, ν depend on the sample size. To avoid
this problem, we introduce a sample size-free parameter
z = ν2κ =
Rm
2λ . The modified Eq.(17) yields the transcen-
dental equation
z =
J1(2κz)
J0(2κz)
. (18)
The solution of Eq.(18) gives a desired threshold dia-
gram zcr(κ) shown in Fig.5,a. The area below the criti-
cal curve corresponds to zero resistance state. For sample
size closed to minimal value, i.e. when κ − 1 ≪ 1, the
critical curve follows the asymptote zcr =
√
2(κ− 1) de-
picted by the dashed line in Fig.5,a. Then, the critical
curve saturates asymptotically as zcr(κ) = 1 − 14κ for
bulky sample, i.e. when κ ≫ 1. The respective asymp-
tote is shown by the dotted line in Fig.5,a.
5We now make an attempt to find the expected tem-
perature threshold of zero resistance state. Recall that
for actual low-T case the transport is mostly governed by
scattering on static defects, hence the momentum relax-
ation time may be considered as a constant. In contrast,
the e-e scattering time is known[11–13] to strongly de-
pend on temperature. Thus, we assign
1
τee(T )
=
ξ2
τ1ee
+
1
τ0ee
, (19)
where ξ = T/TF is the degeneracy parameter, TF = εF /k
and εF are the Fermi temperature and energy respec-
tively. Then, τ0ee is the residual value of e-e scattering
time at T → 0, τ1ee is a dimensional value known to be
of the order of ~/εF within Fermi liquid theory[14]. In
general, both values τ0,1ee are unknown, thus stay to be
extracted from experimental data.
With the help of Eq.(19) one may define the above-
stated parameter z = Rm2λ as a function of temperature
as it follows
z(ξ) = zm
√
1 + γξ2, (20)
where γ = τ0ee/τ
1
ee is the dimensionless ratio, then
z(0) = zm =
√
5Rm
2vF
√
τ0eeτ
is the zero temperature value.
If 0 < zm < 1 the only upper part zm < z
cr < 1 of the
threshold diagram in Fig.5,a is of actual use. The equal-
ity zm = z
cr(κm) denotes a certain value, κm, of min-
imal sample size parameter which corresponds to zero-
resistance state threshold at zero temperature. Evidence
shows that at finite temperatures the zero resistance state
can be realized for samples sizes conforming the inequal-
ity κ > κm > 1. The latter gives the exact criteria for
minimal sample radius
R0 > Rm · κm (21)
instead of that R0 > Rm discussed earlier.
We emphasize that zero-resistance state threshold tem-
perature Tc for bulky sample κ≫ 1 can be easily found.
Indeed, the substitution z(ξ) = 1 into Eq.(20) yields
Tc = TF
[
(z−2m − 1)/γ
]1/2
. (22)
According to Eq.(22), the lower the disorder strength
1/τ ∼ z2m ≤ 1 the higher the threshold temperature for
massive specimen. Remarkably, the condition zm = 1
defines the lowest mobility of the bulky sample
µmin =
5
8
eR2m
εF τ0ee
. (23)
when the zero-resistance state could be realized.
Let us introduce the dimensionless temperature Θ =
T/Tc in terms of massive specimen threshold temperature
Tc. With the help of the above notations Eq.(20) provides
the function z(Θ)
z(Θ) =
√
z2m + (1 − z2m)Θ2, (24)
plotted in Fig.5,b. Then, the combined dependencies
z(Θ) and zcr(κ) specified by Eq.(20) and Eq.(18) respec-
tively give the dimensionless threshold temperature vs
sample size parameter Θ(κ):
Θ(κ) =
[
zcr(κ)2 − z2m
1− z2m
]1/2
. (25)
As an example, the temperature threshold diagram given
by Eq.(25) is represented in Fig.5,c for fixed zm = 0.7.
We emphasize that our findings of critical temperature
diminished in smaller size and highly disorder samples
agrees with experimental observations[15],[17].
D. Magnetic field screening
We now demonstrate that the magnetic field is pushed
out from the sample as stronger as the system be-
comes closer to zero resistance state threshold. In-
deed, the flux velocity distribution specified by Eq.(12)
can be represented for fixed average current density
j = I
piR2
0
. The radial distribution of the current density
jz(r) and the azimuthal magnetic field Bϕ(r) specified
by Eqs.(12),(13),(15),(9) yield
jz(r) = j
[
1− κd
1− d +
κ− 1
1− d ·
J0(rν)
J0(ν)
]
, (26)
Bϕ(r) = B0
[
1− κd
1− d r + d ·
κ− 1
1 − d ·
J1(rν)
J1(ν)
]
.
As expected, for uniform flow κ = 1 one obtains jz(r) =
j, Bϕ = B0r. Then, Eq.(26) gives the correct values of
the current density jz(1) = jκ and the magnetic field
Bϕ(1) = B0 at the inner surface of the wire. We plot the
dependencies given by Eq.(26) in Fig.6. At fixed diamag-
netic parameter κ > 1 the growth of the fluid viscosity
leads to progressive shift of the current towards the the
inner wall of the wire. Simultaneously, the magnetic field
is pushed out from the sample bulk. One can easily check
that the screening of the magnetic field yields the univer-
sal form Bϕ = B0 exp
(
R−R0
lB
)
, where lB ∼ Rm/2 is the
screening length of the magnetic field. Our final remark
concerns the presence of the radial electric field. With
the help of Eq.(8) and Eq.(26) we obtain ER =
jz(r)Bϕ(r)
nec .
Following our previous arguments the longitudinal cur-
rent in a sample bulk can be viewed as a carriers drift in
a crossed ER ⊥ Bϕ fields.
E. Magnetic field phase diagram of zero-resistance
state
Remind that the all previous discussion concerned the
zero-current limit of the transport measurements. The
critical diagram of zero-resistance state was found for
arbitrary sample size. In reality, a finite applied cur-
rent and, hence the current-induced azimuthal magnetic
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FIG. 6: Distribution of the dimensionless current density
jz/j and azimuthal magnetic field Bϕ/B0 (insert) specified
by Eq.(26) for finite size sample at κ = 4(corresponds to
zcr = 0.93 and νcr = 2κzcr = 7.44) and viscosity param-
eter ν = νcr; 20; 50. Thin lines depict the uniform current
density case when κ = 1. Dotted line(insert) corresponds to
magnetic field screening asymptote described in text.
field are known[15, 16] to influence threshold temperature
of zero-resistance state. In order to account for current
driven effects one must solve, in principal, the Eq.(10)
modified with respect to finite the magnetic field. Here-
after, we suggest a rough approach which catches an es-
sential physics. In what followed we restrict ourself to
massive samples and find a threshold temperature Tc as
a function of the magnetic field.
Recall that the longitudinal viscosity depends on the
magnetic field according to Eq.(6). In order to account
for finite magnetic field, one may unambiguously modify
Eq.(20) as it follows
z(ξ,Ωc) = z(ξ)
√
1 +
4(Ωcτ0ee)
2
(1 + γξ2)2
. (27)
Analogous to our previous approach, we write down a
massive specimen criteria z(ξ,Ωc) = z
cr = 1 and, finally
obtain the threshold diagram in term of the magnetic
field vs temperature B(Θ) as it follows
B
Bc
=
[
(1−Θ2)(1 + (z−2m − 1)Θ2)
]1/2
(28)
where
Bc =
mc
2e
√
τ1eeτ
0
ee
Tc
TF
(29)
is the critical magnetic field at zero temperature. Re-
markably, the proportionality Bc ∼ Tc is consistent with
numerous experimental observations. As an example,
the magnetic field driven threshold diagram specified by
Eq.(28) is plotted in Fig.7 for different values of the pa-
rameter zm. We verified that a minor maximum on th e
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FIG. 7: The critical magnetic field vs critical temper-
ature specified by Eq.(28) for massive sample at zm =
0.995; 0.9; 1/
√
2; 0.55. The dashed curve corresponds to em-
pirical dependence B/Bc = 1−Θ2.
critical curve(see Fig.7) appears when zm < 1/
√
2. Re-
markably, for 1/
√
2 < zm < 1 the critical curve has a
usual shape seen in experiment. For comparison, in Fig.7
we plot the empiric dependence B/Bc = 1 − Θ2 widely
used to describe the experimental data. At 1 − Θ ≪ 1
the empiric curve gives a linear dependence ∼ 2(1 − Θ)
instead of that ∼ (1−Θ)1/2 provided by our theory. We
attribute this discrepancy to simplified approach used to
account for current driven magnetic field. Actually, one
must solve the complete Eq.(10) with the high-derivative
term coefficient ηxxη dependent on the local magnetic
field. Since the magnetic field is stronger towards the
sample radius periphery, the exact solution of Eq.(10)
may give just a smoother profiles B(r), j(r) compared to
those shown in Fig.6. The actual shape of the magnetic
field phase diagram shown in Fig.7 remains unaffected.
F. Estimations
The previous discussion concerned the zero resistance
state in terms of constant momentum relaxation time.
We now intend to incorporate the temperature dependent
disorder in common with T-dependent viscosity. For sim-
plicity, we will consider the low-current measurements of
the resistivity.
For the purpose of certainty, we further use a typi-
cal experimental data for massive thallium( Tc = 2.4K)
shown in Fig.8, inset. Using the textbook value of
Fermi energy εF = 8.15eV we estimate Fermi veloc-
ity vF = 1.7 × 108cm/s, the carrier density n = 1.0 ×
1023cm−3 and the respective average interelectronic dis-
tance
(
3
4pin
)1/3
= 1.3A. Recall that for viscous and dia-
magnetic effects disregarded(i.e. when κ = 1) the metal-
lic resistivity is confirmed[10] to follow a simple Drude
dependence ρD(T ) = ρ0(1+ bξ
2), where the first(second)
term is related to carrier scattering on static impurities
7FIG. 8: The effective resistivity ρ/ρ0 followed from Eq.(16)
vs dimensional temperature Θ = T/Tc finite size sample at
zm = 0.2( corresponds to κm = 1.02) and different viscosity
parameter κ = κm; 1.5, 1000. Inset: experimental data for
massive Tl, Hg, α-Sn, Pb. The red curves in both panels
depict the Drude bar resistivity ρD(T ).
and phonons respectively. Here, b is a thermal coefficient,
then ρ0 is the residual resistivity at T → 0. The T → 0
extrapolation of the resistivity curve shown in Fig.8, inset
provides the residual resistivity ρ0 = 1.4× 10−7Ωm. Re-
spectively, we estimate the momentum relaxation time
τ0 = m/ne
2ρ0 = 0.24 · 10−14s and the carrier mobility
µ = 4.3cm2/Vs. Then, at finite temperature T = 5K the
resistivity data in Fig.8, inset demonstrates the enhanced
value ρ0 = 1.7× 10−7Ωm. The latter can be used to ex-
tract the thermal coefficient b = 7.7 ·107 entered into the
Drude dependence ρD(T ) = ρ0(1 + bξ
2). The resulting
Drude curve is added in Fig.8, inset.
Phenomenologically, one may account for T-dependent
momentum relaxation time as it follows τ−1(ξ) = τ−10 (1+
bξ2). Let us calculate the resistivity taking into account
the T-dependent momentum relaxation time τ(ξ). Com-
bining both the viscous and the scattering effects the
viscous parameter reads ν = 2κz(Θ)
√
1 + b(Tc/TF )2Θ2.
Substituting this equation into Eq.(16), we calculate and,
then plot in Fig.8, main panel the resistivity as a function
of reduced temperature Θ = T/Tc. Note that in present
notations the threshold temperature for massive sample
Tc is still given by Eq.(22) with the subsequent replace-
ment τ → τ0. The resulting curves are shown in Fig.8
and correspond to fixed parameter zm = 0.2 and differ-
ent sample sizes κ. Again, the Drude bar dependence(at
κ = 1) is added as a guide for eyes.
To continue, we use the magnetic field screening length
for thallium lB = 920A known in literature[18]. Ac-
cording to our theory we estimate Rm = 2lB = 1840A.
Then, the textbook value of the critical magnetic field
Bc = 179G for massive thallium allows us to estimate
the respective cyclotron frequency Ωc(0) = 3.1× 109c−1.
With the help of the above findings both e-e relax-
ation times τ0,1ee become amenable for estimation. In-
deed, the combined Eqs.(22,29) provide an equation
z4m − z2m + p4 = 0, where p =
√
5Ωc(0)
2τ
Rm
vF
is the dimen-
sionless constant. We find p = 0.2 and, then estimate
zm = 0.999279. Finally, we deduce both e-e scattering
times as it follows τ0ee = 6.0 · 10−12s, τ1ee = 2.6 · 10−18s.
Remarkably, the e-e scattering time τ1ee is of the order of
that ~/εF = 8.1 · 10−17s predicted within Fermi liquid
theory[11–13]. In fact, the present findings demonstrate
that for actual temperatures ∼ Tc = 2.4K the e-e scat-
tering time specified by Eq.(19) is mostly determined by
residual component, i.e. τee ∼ τ0ee.
Finally, we use at first Eq.(23) aiming to find the min-
imum carrier mobility µmin = 4.1cm
2/Vs of the massive
Tl-sample when the zero resistance state can be realized.
As expected, the latter is less than that µ = 4.3cm2/Vs
extracted above from Tl-sample transport data in Fig.8,
inset. To complete our analysis, we intend to estimate a
minimal radius of Tl-sample which may exhibit the zero-
resistance state. We explore the critical diagram shown
in Fig.5,a and, then extract the sample size parameter
as κm ≈ 12
z2m
1−z2m = 350. Hence, the minimal Tl-sample
radius yields R0 = κmRm = 64µm.
G. Conclusions
In conclusion, we discover the circular Hall Effect in
a wire taking into account both the diamagnetism and
finite viscosity of 3D electron liquid. We demonstrate
that under certain condition the resistivity of the sample
vanishes exhibiting the transition to zero-resistance state.
The to current is pinched nearby the inner rod bound-
ary while the magnetic is pushed out of the sample bulk.
Within low current limit the threshold temperature is cal-
culated for arbitrary carrier dissipation and the sample
sizes. For sample size and(or) carrier mobility which are
lower than a certain minimum values the zero-resistance
state cannot be realized. For massive sample the account
of finite currents makes it possible to find out the thresh-
old diagram in terms of magnetic field vs temperature.
[1] E.H. Hall, American Journal of Mathematics, 2 , 287
(1879)
[2] A.I. Anselm, Vvedenie v fiziku poluprovodnokov,
Moskow, Nauka 616p, (1978)
[3] M.S. Steinberg, Phys.Rev. 109, 1486 (1958)
[4] R.N. Gurzhi, Sov.Phys.JETP, 17, 521 (1963)
[5] D.V. Sivukhin, A Course of General Physics, vol. III,
Electricity, 3rd Edn., Nauka, Moskow( in Russian), 1996
[6] A.A. Vlasov, Makroskopicheskaya Elektrodynamika,
Moskow, Fizmatlit, 240p, (2005)
[7] P.S. Alekseev, Phys.Rev.Lett. 117, 166601 (2016)
[8] Q.Shi et al, Phys.Rev.B, 89, 201301(R) (2014)
8[9] H. Kamerlingh Onnes, Communication from the Physi-
cal Laboratory of the University of Leiden, 122b, 124c
(1911); 133a, 133c (1913)
[10] W. Meissner, Ann. Physik (5) 13, 641 (1932)
[11] I.Ia.Pomeranchuk, J.Exp.Theor.Phys. 20, 919 (1950)
[12] A.A.Abrikosov and I.M.Khalatnikov, Rep.Prog.Phys.22,
329 (1959)
[13] G.Baym and C.Ebner, Phys.Rev.164, 235 (1967)
[14] D. Pines and P. Nozieres, The Theory of Quantum Liq-
uids, Benjamin, New York, 1996, Vol. 1.
[15] W.Meissner, Physics-Uspekhi 13, 639 (1933)
[16] W.Meissner, R.Ochsenfeld, Naturwissenschaften 21, 787
(1933)
[17] E.F.Burton, J.O.Wilhelma and A.D.Misener,
Trans.Roy.Soc. of Canada, (3), 28, 65 1934.
[18] E.A.Lynton, Superconductivity, Chapman and Hall,
London, 1971.
